We used high resolution angle-resolved photoemission spectroscopy to reveal the Fermi surface and key transport parameters of the metallic state of the layered Colossal Magnetoresistive (CMR) oxide La 1.2 Sr 1.8 Mn 2 O 7 . With these parameters the calculated inplane conductivity is nearly one order of magnitude larger than the measured DC conductivity. This discrepancy can be accounted for by including the pseudogap which removes at least 90% of the spectral weight at the Fermi energy. Key to the pseudogap and many other properties are the parallel straight Fermi surface sections which are highly susceptible to nesting instabilities. These nesting instabilities produce nanoscale fluctuating charge/orbital modulations which cooperate with Jahn-Teller distortions and compete with the electron itinerancy favored by double exchange.
INTRODUCTION
Many central topics in condensed matter physics are related to the competition between various types of order, with this competition often resulting in nanoscale phase separation and complex phase diagrams. For example, high temperature superconductivity in the doped copper oxides (cuprates) occurs in proximity to an antiferromagnetically ordered ground state, as well as to a mixed state with onedimensional (1D) nanoscale charge "stripe" order. There has been much debate about how these states may coexist, compete or even cooperate with each other (1) . However, uncovering the details has been a difficult task at best, mostly because in the important regimes the various ordering phenomena fluctuate wildly both in time and space. We show that similar competition/cooperation behavior and nanoscale phase separation are also critical in the colossal magnetoresistive (CMR) oxides, and should be considered as a hallmark of modern condensed matter physics.
We have come to this conclusion on the basis of angle resolved photoemission (ARPES) experiments, which directly tell us the k → dependant electronic structure of these materials. These experiments enable us to make a direct determination of the key transport parameters of the manganites, including the Fermi surface (FS) topology, mean free path λ , Fermi velocity v F , effective mass m* and number of carriers n. In addition, our work highlights the importance of the pseudogap. By connecting with recent x-ray scattering experiments, we propose a picture explaining the origins of the pseudogap and the connection between various mechanisms in the CMR effect.
MATERIALS SYSTEM
We studied single crystals of the bilayer family of manganites. Each Mn atom sits in the center of an octahedron with an O atom at each of the six corners. Two such octahedra share one apical O atom and form a biplane where the CMR effect is believed to occur. Between each biplane, there are La/Sr atoms weakly binding the crystal together. The cleavage in this La/Sr rock-salt layer produces mirror like surfaces without dangling bonds or any known surface reconstruction.
The material we studied has the chemical composition La 1.2 Sr 1.8 Mn 2 O 7 corresponding to a doping level x=0.4 (0.4 holes per Mn site) in the doping phase diagram ( Figure 1A ) (2) . There are many types of magnetic ordering phenomena observed at low temperatures, implying a close proximity in energy scales. Charge and orbital orderings have also been observed at the doping levels x=0.4 and 0.5 (3, 4, 5) and will be discussed in detail later in the paper. The CMR effect is observed between the doping levels x ~ 0.3 to 0.5 near the transition from the high temperature paramagnetic insulating phase to the low temperature ferromagnetic metallic phase. For example, Fig 1(B) shows the resistivity versus temperature curve for the doping level x=0. 4 (6) , corresponding to the samples we studied. Application of a magnetic field drives the system toward the metallic state, producing the negative CMR effect near the magnetic transition temperature T c ~ 120K. The connection between the metal-insulator and the magnetic transitions can be understood to first order within the double exchange theory (7, 8, 9) , although it is also appreciated that double-exchange alone can only account for a roughly 30% change in conductivity (10) , whereas the observed effect may be several orders of magnitude. Hence the community has been very actively studying these compounds in the hope of uncovering new physics to explain the CMR effect (11).
TECHNIQUE
We used high resolution ARPES to uncover the details of the FS and k Laboratory, we were able to overcome these limitations (13).
RESULTS-FS
The near Fermi energy ( E F ) spectral weight measured throughout the Brillouin zone (Fig 2A) gives an experimental mapping of the 2D FS. This intensity plot was obtained by first normalizing roughly 600 individual energy distribution curves (EDCs)( intensity versus binding energies relative to E F at fixed emission angle) with high harmonic emission above E F (14) and then integrating the spectral weight within ±200
meV of E F . The raw data were taken only in the lower half of the Brillouin zone but these data are overlain with the Au spectrum taken at the same temperature (Fig 2F) , the almost perfect match indicates that the step at E F is simply due to the Fermi-Dirac distribution which provides the direct evidence for the existence of a FS in this system.
MDC'S AND KEY TRANSPORT PARAMETERS
Instead of using the EDCs, which are broad and have unusual line shape and background, we can extract much more information by analyzing the data in terms of momentum distribution curves (MDCs: intensity versus emission angles at fixed binding energy). Figure 2G shows a series of MDCs from Fig 2C. We see that the MDCs have much simpler line shape which can easily be fitted with a double Lorentzian (or nearly as good, a Gaussian) function for the two branches of the dispersion on top of a roughly constant background. The fitting gives us the dispersion relation E k ( ) → , the peak width ∆k (Fig 3B) and the spectral weight under the peak (Fig 3A) for each MDC, which can then be plotted against the binding energies.
The results in Fig 3B allow us to extract the key transport parameters for these inplane states, which we find to be essentially independent of the location along the roughly 1D FS(21). The Fermi velocity v F determined by the slope of the dispersion at * Ω (see Fig 1B) is nearly one order of magnitude larger than ρ ARPES . The low temperature state of these materials is a very poor metal with the resistivity on the order of the inverse of Mott's minimum metallic conductivity. Such poor conductivity would typically be regarded as the outcome of either very strong scattering (a short mean free path on the order of the lattice constant) or a very small number of carriers (small FS volume), although our data directly show that neither can be the case.
DISCUSSION-PSEUDOGAP
In order to resolve this inconsistency, other physics must be included, the most obvious of which is the suppression of spectral weight near E F (Fig 3A) . Unusual behavior in the spectral weight of the dispersive peak, falling rapidly over quite a large energy scale (nearly 0.5 eV) as the peak approaches E F (Fig 3A) , was previously termed This pseudogap will decrease the conductivity by removing a large portion of the carriers from the conduction process. As the temperature is raised above T c (Fig 3C) the pseudogap removes nearly all remaining spectral weight at E F , which is consistent with the insulating behavior of the high temperature phase. Therefore, the pseudogap appears to be critical for explaining the poor conductivity of both phases, and presumably should be important for explaining the transition between them as well.
A number of possibilities exist to explain the pseudogap, both intrinsic and extrinsic. We begin with the extrinsic possibilities which we argue can be largely excluded. First, there is the extrinsic ohmic loss effect due to poor conductivity (24) .
However recent experiments (25, 26) and theories (26) convincingly argue that this is very unlikely to be a major concern. Next, there is the matrix element effect which will modulate the photoemission spectral intensities and in general has both energy and momentum-dependent terms. To guard against this, we have taken spectra at various photon energies (between ~ 20 and 50 eV) and polarizations. Although the weights do vary slightly with photon energy, the weight loss trend is still robust. Additionally, optical conductivity experiments have also shown the absence of the Drude peak in the same system (27,28) which we believe to be closely related to the pseudogap observed in
ARPES.
Intrinsic possibilities to explain the pseudogap that have been discussed in the literature include Jahn Teller effects (29, 30, 31) , polaronic(10,32) or bipolaronic (33) effects, strong on-site Coulomb interactions (34) , and electronic phase separation (35, 36) .
Whatever the potential importance of these ideas, there is a new piece of evidence that we feel gives a very strong clue towards a new explanation for the pseudogap and a new picture to incorporate these mechanisms.
FS NESTING AND charge density wave (CDW) INSTABILITIES
This new evidence lies in the FS topology presented in Fig 2A. The hole-like portions are very straight (probably more so than expected from the LSDA calculation, especially near the corners of the hole pockets). Such straight parallel segments indicate that the physics of these compounds should be considered quasi 1D. This is consistent with recent experimental(37) and theoretical works (38) showing stripe ordering. The straight FS segments are also prone to produce (and originate from) nesting instabilities; that is, a large portion of the FS is connected in k and so the gap edge will be soft. This also implies that the carrier hopping probability t ij will vary from one site to another. Recent theoretical calculations suggest that if such a variation in t ij exists, then nanoscale phase separation and percolative conduction are expected (39) .
The ARPES data in Fig 4B, as well as those from optical experiments show that the pseudogap begins to fill in as the temperature is lowered through T c . This is consistent with the weakening of the CDW ordering in the metallic phase. Although the scattering experiments cannot observe them in the ferromagnetic phase, a pseudogap is still observed to a lesser degree and the FS segments are still very straight. We take this as an indication of nanoscale fluctuating remnants of the ordering below T c : They fluctuate violently in both space and time so that the scattering experiments are not able to observe them, but they nonetheless still very much affect the electronic structure.
An additional type of weak superlattice reflection is observed in the paramagnetic state in the X-ray scattering experiments on these crystals (3, 40) . This is the so-called CE ordering and has a wave-vector q a a
. This is the combination of antiferromagnetism and charge/orbital orderings and is a real space ordering similar to (but different than) a checker board. The CE vectors are drawn in figure 4C as the red arrows, and they are found to be only slightly shorter than the ideal nesting vector. This proximity to the nesting instability means that it can still partly gap the near-Fermi states, although presumably with less effectiveness than the (0.3,0,1) vector. This is consistent with the neutron scattering experiments, which found the CE superlattice peaks to fluctuate more dynamically than the (0.3,0,1) peaks (5) . However, at very high temperature where double exchange and the FS topology are less meaningful, the realspace CE ordering should stabilize as compared to the r k space driven (0.3,0,1) ordering. these general properties will probably extend to those systems as well.
CONCLUSION
We have provided the first high energy/momentum resolution ARPES data on the 14 The EDCs presented here were normalized with emission intensity in a binding energy (0.1eV, 0.25eV) window. Such high order harmonic emission is isotropic and is proportional to photon flux. 
